INTRODUCTION
============

Chemical approaches for controlling biomolecular functions have become increasingly important in biological and biomedical research. Photolabile groups (photocages) represent one of most effective approaches to achieve high spatiotemporal resolution with light activation. It has been successfully used to cage many functional oligonucleotides to photomodulate gene expression *in vitro* and *in vivo*, such as ribozymes, DNAzymes, complementary RNA or DNA oligonucleotides and their analogs during mRNA transcription, processing, and ribosomal binding and translation ([@gks996-B1; @gks996-B2; @gks996-B3; @gks996-B4; @gks996-B5; @gks996-B6; @gks996-B7; @gks996-B8; @gks996-B9; @gks996-B10; @gks996-B11; @gks996-B12; @gks996-B13; @gks996-B14; @gks996-B15; @gks996-B16; @gks996-B17; @gks996-B18; @gks996-B19; @gks996-B20; @gks996-B21; @gks996-B22; @gks996-B23; @gks996-B24; @gks996-B25; @gks996-B26]). Currently, there exist several strategies to modulate gene expression by light activation. One is based on using multiple caging groups to kinetically inhibit the access of a target RNA. Functions of DNA plasmids, messenger RNAs, antisense oligodeoxynucleotides (asODNs) and small interfering RNAs (siRNAs) can also be photoregulated with light using above caging strategy ([@gks996-B15],[@gks996-B27; @gks996-B28; @gks996-B29; @gks996-B30; @gks996-B31]). The second strategy is to introduce an inhibitor strand to temporarily block the antisense strand of an oligonucleotide. Removal of the inhibitor strand activates the antisense oligonucleotide and recovers gene silencing activities. Photomodulation of specific gene expression using caged antisense oligonucleotides and their analogs has been achieved in leukemia cells, zebrafish embryos and *Caenorhabditis elegans* ([@gks996-B16; @gks996-B17; @gks996-B18; @gks996-B19; @gks996-B20],[@gks996-B32],[@gks996-B33]). Applying the similar strategy, a photolabile inhibitor strand, caged sense strand, was used to temporarily hybridize antisense strand and block antisense activities for photomodulation of *in vitro* protein synthesis and green fluorescent protein (GFP) expression in zebrafish ([@gks996-B14],[@gks996-B34]).

For the methods described above, caged nucleic acids with multiple caging moieties sterically inhibited the interaction with their targets. However, incomplete uncaging was inevitable due to limited intensity and duration of light irradiation. A single caging group with the above design could partially solve the problem of light irradiation. However, relative thermostability of the caged oligonucleotide, the duplex of sense/antisense oligonucleotides and the duplex of antisense oligonucleotide/target mRNA were difficult to balance one or the other, especially, for *in vivo* study. The number and position of paired bases, the length and type of photo linkers and many other factors all had distinct effect on photomodulation of gene regulation in zebrafish ([@gks996-B16]). Uncaged antisense ODNs were not quickly and fully accessible to mRNA binding, and the optimized candidates *in vitro* might not be the best one *in vivo* due to complicated environments in biological systems ([@gks996-B18]). In addition, cleaved inhibitor strands may cause off-target effects or unexpected side effects. Hence, currently there is still a clear need for the design of new caged nucleic acid tools for gene regulation *in vivo*.

The most recent strategy tried to overcome the problems of cleaved caged moieties or inhibitor strands by cyclizing two ends of an asODN with photocleavable linker (PL). Dmochowski co-workers ([@gks996-B35]) inserted a PL into the middle of two short ODN sequences which were then ligated into a circular DNAzyme by T4 ligase for photomodulation of RNA digestion. This method is limited only for native DNA/RNA oligonucleotides. Recently, both Chen's and our laboratory designed circular morpholino oligomers for photoregulating gene expression in zebrafish embryos ([@gks996-B36],[@gks996-B37]). We previously also synthesized a series of different size of caged ODNs with PL attached at 5′-end and then cyclized two ends of ODNs. Our results found the ring size of caged asODNs to be the most important factor in photomodulation of target RNA digestion by ribonuclease H (RNase H) ([@gks996-B38]). Different from previous work about caged circular asODNs, we designed a new series of caged circular asODNs, as shown in [Scheme 1](#gks996-SCH1){ref-type="scheme"}A. These asODNs were composed of two 10mer ODNs, which were linked to each other with PL in the middle of sequence during solid-phase synthesis. The new 3′-end of the linear ODN was modified with an amine group, while the new 5′-end was attached with a carboxylic acid group. After cyclization through amide bond formation, the caged circular asODN can be cleaved in the middle of the previous linear ODN and the sequence recovered was then hybridized with a complementary target RNA with the flexible linker in the middle. We synthesized three such circular caged asODNs (R20, R20B2 and R20B4) according to the above design. For R20, there was no nucleotide gap between the uncaged asODN and the complementary target RNA. While for R20B2 and R20B4, there existed 2- and 4-nt gaps between the two 10mer ODNs, respectively, as shown in [Scheme 1](#gks996-SCH1){ref-type="scheme"}B. We expect this design may help minimize the binding of caged circular ODNs with target sequences due to the non-base linkers (PL and amide linker). Upon light activation, the binding ability can be restored even though the flexible linker and nucleotide gap exists in the middle of linear ODNs ([@gks996-B39]). This will help block protein translation through a non-enzymatic antisense strategy, such as 2′-OMe RNA oligonucleotides and morpholino oligomers. Based on the results of our *in vitro* assay, we further designed three circular antisense oligonucleotides (PS1, PS2 and PS3) with 2′-OMe RNA and phosphorothioate modifications ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)) and successfully photomodulated their binding ability with target sequence and GFP expression in cells. Scheme 1.(**A**) Strategy for photoregulating RNA digestion using caged circular asODNs. (**B**) Sequences of caged circular asODNs and complementary target RNA. R20B2 and R20B4 have 2 - and 4-nt gaps in the middle when they bind their target RNA.

MATERIALS AND METHODS
=====================

General methods
---------------

All single-stranded ODNs with a PL were custom synthesized with amine-modified CPG on ABI 394 DNA/RNA synthesizer. Deprotected ODNs were purified with an Agilent 1200 HPLC system using a reverse-phase HPLC column (reverse-phase C18, 4.6 × 250 mm, 9.4 × 150 mm, 5 μm beads). Fluorescence experiments were carried out with a Varian Cary 300 fluorescence spectrometer. Gels of RNA digestion were imaged using an Amersham Biosciences Storm 840 phosphorimager and quantified with ImageQuant software (ImageQuant™ TL v2005, GE Healthcare). All photoirradiation *in vitro* experiments with ODN samples were carried out with a xenon lamp (450 W) and monochromator (20-nm slit centered at 350 nm, 30 mW/cm^2^ at the sample). Standard 1× RNase H reaction buffer was defined as 20 mM Tris--HCl, 20 mM KCl, 10 mM MgCl~2~, 0.1 mM EDTA and 0.1 mM dithiothreitol, pH 8.0. Photoirradiation of HeLa cells was achieved using UV lamp (365 nm, 11 mW/cm^2^, B-100SP, UVP, LLC) and cell imaging was done on Nikon confocal laser scanning microscope (A1RSi).

Synthesis of photolabile circular asODNs (R20, R20B2 and R20B4)
---------------------------------------------------------------

Controlled pore glass (CPG) with 3′-end amine modification was used for ODN synthesis. ODNs (R20, R20B2 and R20B4) were custom synthesized according to the standard DNA synthesis on ABI 394. \[1-(*o*-Nitrophenyl)-2-dimethoxytrityloxy\] ethoxy-N,N-diisopropylamino-2-cyanoethoxyphosphine was synthesized as the PL according to the previous report ([@gks996-B40]) and incorporated in the middle of 20mer ODN sequences instead of incorporation of PL at the 5′-end of an oligonucleotide sequence in our previous report ([@gks996-B41]). The 5′-end of ODNs was further coupled with hexylidene amino group \[4-methoxyphenyl)diphenylmethyl (MMT) protected\] through phosphodiester bonds. MMT was then removed by 4% trifluoacetic acid (TFA) in CH~2~Cl~2~ to release 5′-end amine group. Before cleavage from the resin, the amine group reacted with ∼100-fold excess succinic anhydride and diisopropylethylamine (DIPEA) in 0.5 ml dimethylformamide (DMF) at room temperature overnight.

Sequences used in RNase H assay study were as follows:

1.  Normal sequence (std): 5′-CCAACGTTTCGGACCGTATT

    R20-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-GGACCGTATT-*PL*-CCAACGTTTC-(CH~2~)~7~-NH~2~-3′

    R20B2-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-GACCGTATTT-*PL*-ACCAACGTTT-(CH~2~)~7~-NH~2~-3′

    R20B4-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-ACCGTATTTC-*PL*-GACCAACGTT-(CH~2~)~7~-NH~2~-3′

    RNA target: 5′-CUUGUACAGAAAUACGGUCCGAAACGUUGGUCUGUUAUUG-3′

ODNs were then cleaved and deprotected using concentrated ammonium hydroxide. After the removal of ammonia, these ODNs were further purified with HPLC under reverse-phase conditions: A, 0.05 M triethylammonium acetate (TEAA); B, acetonitrile; B, 0--15% in 30 min, 15--45% in 30 min. Product fractions were collected and characterized by electrospray ionization mass spectrometry (ESI-MS) under negative mode (1% triethylamine (TEA) in H~2~O/CH~3~CN). Mass-to-charge ratio (m/z) for R20-COOH: calculated: 6801.0; measured: 6800.0; m/z for R20B2-COOH: calculated: 6800.0, measured: 6799.0; m/z for R20B2-COOH: calculated: 6785.0, measured: 6784.8.

ODNs with amine and acid groups were dried and ethanol precipitated with 3 M NaCl to remove the TEAA residue. The precipitated ODNs (∼20 nmol) were dissolved in 2 ml 0.1 M 2-morpholinoethanesulfonic acid buffer (pH 6.5), 0.3 M NaCl and 10 mM MgCl~2~ with final concentration of 5 mM 1-hydroxybenzotrizole. Then ∼1 mg 1-ethyl-3 -(3-dimethylaminopropyl) carbodiimide, hydrochloride was added to the solutions. The mixture was vortexed and stood at room temperature for 10--14 h.

The above solutions were then desalted using NAP-10 column, followed by reverse-phase HPLC purification (A, 0.05 M TEAA; B, acetonitrile; B, 0--15% in 30 min, 15--45% in 30 min, running temperature, 40°C). Retention time of product fractions was usually 1--2 min longer than those of starting ODNs. The collected products were subjected to dryness in vacuum and later characterized by ESI-MS. The yields were calculated by dissolving caged circular ODNs in water and measuring the absorbance at 260 nm. The isolated yields for caged circular ODNs were 30--40% under our synthetic conditions, which is similar to our previous results. ESI-MS was carried out under negative mode (1% TEA in H~2~O/CH~3~CN). *m/z* for R20, calculated: 6783.0; measured: 6782.0, 6782.0 + n Na^+^; *m/z* for R20B2, calculated: 6782.0, measured: 6781.4, 6781.4 + n Na^+^; *m/z* for R20B4, calculated: 6767.0, measured: 6766.4, 6766.4 + n Na^+^.

Synthesis of photolabile circular antisense phosphorothioated 2′-OMe RNA oligonucleotides (PS1, PS2 and PS3)
------------------------------------------------------------------------------------------------------------

In order to photomodulate GFP expression in cells, we designed another five phosphorothioated 2′-OMe RNA oligonucleotides (PS, PS-MS, PS1, PS2 and PS3). PS (matched) and PS-MS (mismatched) were purchased from Sangon Biotech (Shanghai) Co., Ltd as control sequences. According to the same design of R20, R20B2 and R20B4, PS1, PS2 and PS3 were synthesized with two short 10mer 2′-OMe RNA sequences and PL as linkage and there were 0-, 2- and 4-nt gaps for targeting sequence after cyclization and photocleavage ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)).

All phosphorothioated 2′-OMe RNA oligonucleotide sequences used in molecular beacon and cell study:

1.  PS: GCUCCUCGCCCUUGCUCACC

    PS-MS: GCUGCUCCCCCAUGCACACC

    PS1-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-CUUGCUCACC-*PL*-GCUCCUCGCC-(CH~2~)~6~-NH~2~-3′

    PS2-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-UUGCUCACCA-*PL*-AGCUCCUCGC-(CH~2~)~6~-NH~2~-3′

    PS3-COOH: 5′-HOOCCH~2~CH~2~CONH-(CH~2~)~6~-UGCUCACCAU-*PL*-CAGCUCCUCG-(CH~2~)~6~-NH~2~-3′

The linear phosphorothioated 2′-OMe RNA oligonucleotides (PS1, PS2 and PS3) were prepared according to standard RNA synthesis on ABI 394 using amine-modified CPG and bis(phenylacetyl)disulfide as sulfur substitution agent. Linear PS1-COOH, PS2-COOH and PS3-COOH after cleavage and deprotection were first separated by HPLC under reverse-phase conditions: A, 0.05 M TEAA; B, acetonitrile; B, 10--35% in 35 min, 35--70% in 5 min, 70--70% in 2 min, 70--10% in 3 min. Product fractions were collected and characterized by ESI-MS under negative mode \[100 mM NH~4~Ac in H~2~O/CH~3~OH (75:25)\]. *m/z* for PS1-COOH: calculated: 7526.9; measured: 7527.2; *m/z* for PS2-COOH: calculated: 7576.2, measured: 7574.7; *m/z* for PS3-COOH: calculated: 7576.2, measured: 7575.5.

Ten nanomoles of phosphorothioated oligonucleotides with amine and acid groups were dried and ethanol precipitated with 3 M NaCl to remove the TEAA residue. The precipitated oligonucleotides were dissolved in 1 ml DMF solutions containing 100 µl DIPEA and 100 mM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride. The solution was vortexed and stood at room temperature for 24--40 h. The reaction mixtures were desalted by dialysis and separated by 20% denaturing PAGE (acrylamide:bisacrylamide, 19:1) containing 7 M urea ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). For each separate gel, the side sample lane of the gel was cut and stained with 1× SYBR Gold (Invitrogen), the location of caged circular oligonucleotides was marked and relocated. The gel zones at the same location were cut, crumbled into tiny particles and immersed into a solution containing 0.5 M ammonium acetate, 10 mM magnesium acetate and 1 mM EDTA at 37°C over 12 h. The solutions were further salted out by dialysis and gel chromatography (NAP-10 column). The collected products were dried in vacuum and later characterized by ESI-MS. The isolated yields for purified caged circular phosphorothioated oligonucleotides were 20--30% under our synthetic conditions. ESI-MS was carried out under negative mode \[100 mM NH~4~Ac in H~2~O/CH~3~OH (75:25)\]. m/z for PS1: calculated: 7508.9; measured: 7509.0; m/z for PS2: calculated: 7558.2, measured: 7554.9; m/z for PS3: calculated: 7558.2, measured: 7556.5.

RNase H assays
--------------

40mer RNA target sequence (5′-CUUGUACAGAAAUACGGUCCGAAACGUUGGUCUGUUAUUG-3′) in HPLC pure form was purchased from Shanghai GenePharma Co., Ltd. Recombinant RNase H from *Escherichia coli* and the reaction buffer were purchased from Epicentre Biotechnologies. Standard procedure for RNase H assay was as follows: caged circular asODNs were dissolved in 1× RNase H reaction buffer at 37°C, then \[γ-^32^P\]-labeled RNA oligonucleotide (200-fold excess) was added and incubated at 37°C for 20 min to allow RNA/DNA duplex formation, followed by the addition of two units RNase H and incubation at 37°C. Total reaction volume was 20 µl, and the final concentrations of asODNs and RNA were 0.02 and 4 µM, respectively.

To evaluate RNA degradation with caged asODN by RNase H after light activation, RNase H assays were performed as described above except that caged asODNs initially illuminated by xenon lamp through monochromator (350 nm UV light, ∼30 mW/cm^2^) were used as antisense templates. Time points were taken at 2, 5, 10, 15 and 30 min by sampling 4 µl of the reaction mixture, adding 6 µl gel loading buffer (50 mM EDTA, 90% formamide with bromphenol blue and xylene cyanol, total volume = 10 μl) and then heating the solutions to 95°C for 3 min to terminate the reaction.

All of the resulting solutions were then subjected to electrophoresis on a 20% polyacrylamide gel containing 7 M urea. The intensities of gel bands were integrated in ImageQuant for each band with automated lane and band finding using a local method background correction in the gel lane. The relative amount of RNA digestion was determined by dividing the intensities of the bands corresponding to cleaved RNA by the total intensity of the cleaved and uncleaved RNA bands. Kinetic data for 40mer RNA cleavage in the presence of R20 and RNase H were obtained by quantifying the percentage of cleaved target RNA at time *t* and fitting the data using the linear function, \[S\] = A + *kt*, for a caged circular asODN ([@gks996-B42]) and a single exponential decay function, \[S\] = A(1−e^−^*^kt^*), for an uncaged asODN, where \[S\] is the fraction of cleaved RNA at time *t* and *k* is rate constant of photocleavage.

Gel shift assays
----------------

Gel mobility shift assays were performed as described in the literature to determine the binding of RNA to caged circular as ODNs ([@gks996-B43]). A fixed concentration of \[γ-^32^P\]-labeled 40mer RNA (0.02 μM) with increased concentrations of caged circular asODNs was used for the assays in 9 μl standard 1× RNase H reaction buffer. Samples were annealed at 37°C for 30 min and then were put in ice-cold water. Before the samples were loaded into the gel, 1 μl glycerol with bromphenol blue and xylene cyanol was added. All 10 μl solutions were loaded into 12% non-denaturing polyacrylamide gels. The gels were then electrophoresed at 100 V for 2 h at 10°C, using 1× Tris-borate-EDTA (TBE) buffer (pH 8.2). Gels were exposed and then imaged with Storm phosphorimager.

Kinetic binding study of uncaged circular oligonucleotides
----------------------------------------------------------

A molecular beacon (MB, 5′-FAM-TTAGAATGGTGAGCAAGGGCGAGGAGCTGTCTAA-DABCYL-3′) with a large loop complementary to PS and uncaged PS1, PS2 and PS3 was designed and purchased from Sangon Biotech (Shanghai) Co., Ltd. Fluorescence spectra were determined using Cary Eclipse fluorescence spectrophotometer with the excitation wavelength at 488 nm and emission wavelength at 515 nm. A solution of 100 nM MB in 250 μl 1× PBS buffer stood at 37°C for 3 min, and then 4-fold excess caged or pre-irradiated antisense oligonucleotide samples were added to MB solutions. The increase in fluorescence intensity at 515 nm for each sample solutions was monitored at 37°C.

Second-order rate constants for hybridization, *k*~h~ (M^−1^s^−1^), of MB to the complementary linear PS or the uncaged PS1, PS2 and PS3, were calculated by using the linearization procedures for a second-order reaction with non-stoichiometric proportions of reactants ([@gks996-B44]).

We used the following equation:

Thus, for a hybridization reaction, a plot of ln(\[free oligo\]*~t~*/\[free MB\]*~t~*) versus *t* is linear with the slope being equal to (\[free oligo\]~0~ − \[free MB\]~0~)*k*~h~.

Cell study
----------

HeLa cells were grown at 37°C in a humidified atmosphere with 5% CO~2~ in RPMI Medium 1640 (Gibco), supplemented with 10% fetal calf serum (Zhejiang Tianhang Biological Technology Co., Ltd.), penicillin (100 mg/ml) and streptomycin (100 mg/ml). Cells were trypsinized and resuspended in medium without antibiotics and transferred to Petri dishes at a density of 2.5 × 10^4^ cells per well in a volume of 2000 μl and grown to ∼70% confluency within 24 h. The media were changed to OptiMEM (Gibco). Plasmid DNA coding for the GFP fusion protein (pEGFP-N1, Beijing DingGuo ChangSheng Biotechnology Co., Ltd), control red fluorescent protein (RFP) plasmid (pDsRed2-N1, Biovector Co., Ltd) and caged circular 2′-OMe RNA oligonucleotides were mixed with Lipofectamine 2000 (Invitrogen). For each transfection, 0.3 μg of pEGFP-N1, 0.3 μg pDsRed2-N1 and 8.25 pmol caged circular phosphorothioate oligonucleotides were mixed with 75 μl OptiMEM. In a separate tube, 0.6 μl Lipofectamine 2000 per reaction was added to 75 μl OptiMEM and incubated for 5 min at room temperature. Both solutions were mixed and incubated for additional 20 min at room temperature to allow complex formation. The solutions were added to the cells in Petri dishes, giving an end volume of 150 μl. Cells were incubated at 37°C in the presence of transfection solutions for 6 h. The transfection media were removed and 150 μl PBS buffer (Gibco) was added. The cells in Petri dishes were then irradiated with a hand-held UV lamp (365 nm, 11 mW/cm^2^) for 10 min. The PBS buffer were replaced with fresh standard grown media without penicillin/streptomycin, the cells were incubated for an additional 42 h. The cotransfected cells were then washed with PBS buffer, followed by nuclei staining with Hoechst 33 258 (Invitrogen) solution for 30 min.

Confocal microscopy
-------------------

Confocal microscopy was carried out using a Nikon confocal laser scanning microscope (A1RSi). All images were taken using a ×10 objective lens. Hoechst fluorescence was excited at a wavelength of 401 nm and detected at 450 nm, GFP fluorescence was excited at a wavelength of 488 nm and detected at 525 nm, RFP fluorescence was excited at a wavelength of 561 nm and detected at 595 nm, each with a pinhole radius of 19.45 μm. For fluorescence images, identical operation and image processing were done for each channel. Monochrome images generated with charge-couple device (CCD) camera were pseudocolored to the appropriate color. Following confocal microscopy, image analysis was performed using NIS-Elements AR 3.2. The mean fluorescence intensity of equally divided squares for each channel was calculated.

RESULTS AND DISCUSSION
======================

Photomodulation of RNA digestion by RNase H with caged circular asODNs
----------------------------------------------------------------------

Without its complementary ODN template, RNA cannot be digested by RNase H ([@gks996-B45]) under our photolysis conditions (350 nm, 30 mW/cm^2^). The effectiveness of photomodulating target RNA digestion by RNase H was tested with the inclusion of caged circular DNA templates after UV irradiation. 40mer target RNA was mixed with the caged circular asODNs (R20, R20B2 and R20B4, and their uncaged forms) in the presence of RNase H under our RNase H assay conditions. Digestion of the complementary target 40mer RNA was evaluated for all the caged circular asODNs (R20, R20B2 and R20B4) before and after UV irradiation. As shown in [Figure 1](#gks996-F1){ref-type="fig"}, a very small amount of target 40mer RNA was digested if no light was applied; however, increased amounts of cleaved RNA bands were clearly observed with 10-min light irradiation under our photolysis conditions. For R20, light triggered 6-fold increase in RNA digestion from 4 to 24% in 30 min. Under the same conditions, RNA digestion increased from 4.5 to 23.2% for R20B2 and 8 to 27% for R20B4, and the photomodulation ratios were 5.1 and 3.3 for R20B2 and R20B4, respectively, which generally has the same photomodulation efficiency as hairpin-like asODNs ([@gks996-B18],[@gks996-B19]). Interestingly, the cleaved patterns of RNA for R20B2 and R20B4 by RNase H were also different from R20, as shown in [Figure 1](#gks996-F1){ref-type="fig"}. For R20, the cleaved pattern was similar to that of normal linear 20mer asODN (std). Three mainly cleaved phosphodiester bonds were located inside ApCpGpG which was the fourth to seventh nucleotide of the duplex of R20/target RNA. However, main cutting position was inside ApC instead of CpG for std. While for R20B2 and R20B4, the cleaved positions were both shifted toward 5′-end of target RNA with one nucleotide and mainly cleaved the phosphodiester bond between UpA, which was located between the fourth and fifth nucleotide for duplex R20B2/RNA and the fifth and sixth nucleotide for the duplex R20B4/RNA. As indicated in the literature ([@gks996-B46]), RNase H has the preference to cleave a certain phosphodiester bond in the target sequence, which leads to lower cutting yields for R20, R20B2 and R20B4 than std (∼50%). Figure 1.Denaturing PAGE (20%) analysis of target RNA digestion in 30 min with 4 µM \[γ-^32^P\]-labeled 40mer RNA, 0.02 µM caged asODNs in 20 µl RNase H buffer with two units RNase H at 37°C. Arrows show the cleavage positions for different antisense oligonucleotide templates. std represents the normal 20mer asODN complementary to the middle 20 nt of 40mer target RNA. Samples were photocleaved with UV light (350 nm, ∼30 mW/cm^2^) for 10 min.

Kinetics of target RNA digestion with caged circular asODNs
-----------------------------------------------------------

Time dependence of target RNA cleavage with RNase H and caged circular asODNs was also performed under 1× RNase H buffer, before and after light activation. As shown in [Figure 2](#gks996-F2){ref-type="fig"}, the percentage of cleaved band with R20 in the PAGE gel increased with time. Kinetic data for 40mer RNA cleavage in the presence of R20 and RNase H were obtained by quantifying the percentage of cleaved target RNA at time *t* and fitting the data. The cleavage rate constants (*k*) were 0.0014 and 0.06 min^−1^ for R20 before and after light activation. The rate increased up to 43-fold. For the other two caged circular asODNs (R20B2 and R20B4, [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)), the rate constants of RNA cleavage were 0.0017 and 0.0032 in the dark and 0.043 and 0.049 min^−1^ upon light activation, respectively. Based on the kinetics, light upregulated 25- and 15-fold RNA digestion rates for R20B2 and R20B4. Comparing to above results for caged circular asODNs before light activation, the rate constants increased from 0.0014 for R20, to 0.0017 and 0.0032 for R20B2 and R20B4 upon introducing the gap with different number of nucleotides in the duplex of RNA/caged circular asODN, which were consistent with the results of the percentages of RNA cleavage in 30 min which were 4, 4.5 and 8% for R20, R20B2 and R20B4. Figure 2.Denaturing PAGE (20%) analysis of RNA digestion with 4 µM \[γ-^32^P\]-labeled 40mer target RNA, 0.02 µM caged circular asODN (R20) and two units RNase H in 20 µl RNase H buffer at 37°C. Uncaged R20 had been irradiated with UV light (350 nm, ∼30 mW/cm^2^) for 10 min. The charts are cleavage percentage of the 40mer RNA by RNase H at different time points quantified with ImageQuant. Each point is the average of three separate trials.

Binding of RNA with caged circular asODNs
-----------------------------------------

Comparing to the caged circular ODN C20 in our previous work ([@gks996-B41]), amounts of RNA digestion after UV irradiation were roughly the same; however, the background RNA cleavages before light activation were different. For C20, there was almost no background RNA digestion, but for R20, R20B2 and R20B4, the background signals of RNA digestion were 4, 4.5 and 8%, respectively. This may be due to the long flexible linkage in the middle of antisense sequence, which can easily twist to deny the access to target RNA and/or RNase H. To study the binding of 40mer target RNA with caged circular asODNs, gel mobility shift assays were performed as shown in [Figure 3](#gks996-F3){ref-type="fig"}. These results showed that even more than 200-fold excess of caged circular R20 could not fully bind the target 40mer RNA. By quantifying the gels, the ratios of RNA/R20 binding were obtained and then used for the determination of *K*~d~ ~RNA/R20~ by interpolation of non-linear regression hyperbola using Origin software. The dissociation constant (*K*~d~ ~RNA/R20~) of R20 was 1.6 μM which was higher than that of C20 (*K*~d~ ~RNA/C20~ = 1.0 μM) ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)), which indicated the binding of R20 to target RNA was less efficient than that of C20 due to the presence of linker in the middle. Interestingly, the results of gel mobility shift assays for R20B2 and R20B4 were completely different from R20. Caged circular R20B2 and R20B4 completely lost their binding affinity for target RNA under our experimental conditions. However, these results are not quite surprising. Due to the gaps in the middle of duplexes of the target RNA with R20B2 and R20B4, *π* interaction of duplex base stack is interrupted and a bulge will be formed if target RNA binds to caged circular R20B2 and R20B4, which further destabilizes the possible hybrids. [Figure 3](#gks996-F3){ref-type="fig"} also indicates that RNA/caged R20B2 and RNA/caged R20B4 hybrids were not formed under our experimental conditions. However, R20B2 and R20B4 could still be templates for the access of target RNA transiently binding and target RNA digestion at the presence of RNase H. Even though no stable hybrid duplex is formed for RNA with structured asODNs, such as hairpin, aptamer or other complicated structures. RNase H can recruit small amount of structured asODN/RNA hybrids, which promotes the equilibrium shift to RNA cleavage by RNase H ([@gks996-B46],[@gks996-B47]). The results of RNA cleavage and gel mobility shift assays for R20B2 and R20B4 with the complementary target RNA were consistent with a literature report ([@gks996-B46],[@gks996-B47]) even under conditions where hybridization of RNA/R20B2 and RNA/R20B4 was thermodynamically unfavorable. Although caged circular R20B2 and R20B4 work less efficiently for the photomodulation of RNA cleavage by RNase H, their hybridization with target RNA could be efficiently inhibited in the caged state. Light activation can cleave PL linker, and the flexible amide linker in the middle of antisense ODNs has little effect on its binding ability to target RNA ([@gks996-B39]). Thus, we expect that light activation of asODN-binding ability to target RNA can be used to photoregulate specific genes using non-enzyme-mediated antisense oligonucleotide strategy. Figure 3.Gel-shift assay of the 40mer RNA with different concentrations of R20, R20B2 and R20B4 using non-denaturing PAGE gels. The solutions of the 40mer RNA (0.02 μM) with different concentration ratios of R20, R20B2 and R20B4 (from 1:2 to 1:200) in 10 μl RNase H buffer was used for binding assays. The mixtures were first mixed in 9 μl RNase H buffer and then incubated at 37°C for 30 min. After that, the solution was put inside ice water and added ∼1 μl glycerol with bromphenol blue and xylene cyanol. Then the mixtures were loaded into a 12% native gel and the gel was run under 100 V at 10°C.

Photomodulation of the binding of target MB with caged circular antisense oligonucleotides (PS1, PS2 and PS3)
-------------------------------------------------------------------------------------------------------------

Caged PS1, PS2 and PS3 with 2′-OMe RNA and phosphorothioate modifications were designed according to the same strategy mentioned above. We first evaluated the photolysis of caged circular PS1, PS2 and PS3 using PAGE gel. As shown in [Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1), caged circular PS1, PS2 and PS3 moved faster than their uncaged ones due to the difference of conformational structure of circular and linear oligonucleotides. To further evaluate photomodulation of their interactions with the target sequence, we designed a MB (5′-FAM-TTAGAATGGTGAGCAAGGGCGAGGAGCTGTCTAA-DABCYL-3′) whose loop sequence was complementary to uncaged PS1, PS2 and PS3 with 0 -, 2 - and 4-nt bulge, respectively. As shown in [Figure 4](#gks996-F4){ref-type="fig"} and [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1), MB solution itself showed low fluorescence emission before addition of the target oligonucleotide. When PS, a fully complementary phosphorothioated antisense oligonucleotide with no linkage in middle, was added into MB solution, we observed an obvious increase in fluorescence emission, while the addition of a mismatch phosphorothioated oligonucleotide (PS-MS) did not trigger fluorescence enhancement regardless of light irradiation, which indicated the binding was due to sequence-specific interaction and light independence. When caged PS1 was mixed with MB, we did not observe increase in fluorescence emission; however, the addition of light-irradiated PS1 induced 5-fold enhancement in fluorescence intensity which was similar to the addition of PS. Similar results were also found for caged PS2 and PS3, where 3.6 - and 3.8-fold increase in fluorescence intensity with the addition of uncaged PS2 and PS3. These results indicated light activation can uncage these circular antisense oligonucleotides and recover the binding of PS1, PS2 and PS3 to their target sequence. Figure 4.Relative fluorescence intensity of MB with the addition of PS, PS-MS, PS1, PS2 and PS2 before and after light irradiation. \[MB\] = 100 nM, \[oligonucleotide\] = 400 nM. Oligonucleotide solutions were irradiated for 10 min (365 nm, 11 mW/cm^2^).

We further evaluated the binding kinetics of MB with PS and uncaged PS1, PS2 and PS3. For caged circular oligonucleotides, light activation would cleave PL and quickly release their linear ones. To study hybridization kinetics of MB with uncaged PS1, PS2 and PS3, fluorescence emission of MB was monitored with the addition of above antisense oligonucleotides. As shown in [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1), the binding MB with PS reached the maximum fluorescence intensity in 6 min upon the addition of PS, while it took ∼15 min for uncaged circular PS1, PS2 and PS3. By fitting the data using the linearization procedure for a second-order reaction with non-stoichiometric proportions of reactants, the on-rate constants of oligonucleotide hybrids were obtained ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). For PS without any linkage in the middle, it showed the fastest hybridization kinetics with the on-rate constant *k*~h~ = 2.62 × 10^4^M^−1^s^−1^, while for light-irradiated PS1, PS2 and PS3, the on-rate constants (*k*~h~) were 1.27 × 10^4^, 1.28 × 10^4^ and 1.21 × 10^4^M^−1^s^−1^, respectively. The slow on-rate hybridization constants may be due to the flexible amide linkage and 0--4 nt bulge in the duplex of MB and PS1, PS2 and PS3.

Photomodulation of GFP expression in HeLa cells with caged circular antisense phosphorothioated oligonucleotides
----------------------------------------------------------------------------------------------------------------

To test the efficacy of these caged circular asODNs (PS1, PS2 and PS3) at regulating GFP knockdown with light activation, HeLa cells were cotransfected with pEGFP-N1 and pDsRed2-N1 expressing plasmids, together with caged circular PS1, PS2 or PS3, respectively. After light irradiation, PS1, PS2 and PS3 were designed to bind GFP mRNA with a bulge of 0, 2 and 4 nt when the duplexes were formed. Another two antisense oligonucleotides (PS and PS-MS) were also tested as positive and negative control experiments. Two groups of cell experiments were always carried out under the same conditions at the same time. Cells in one group of experiments were washed with PBS buffer and irradiated after 6 h transfection. After irradiation, fresh media were applied and cells were allowed to culture for another 42 h. In the other group, cells were treated under the same way except light irradiation. GFP and RFP signals of the same cells were examined using confocal laser scanning microscopy, together with bright field and nuclei staining of the cells. All images were taken using the identical imaging conditions for all groups of experiments. As shown in [Figure 5](#gks996-F5){ref-type="fig"}, red fluorescence of RFP, a reporter control, showed strong and uniform expression regardless of light irradiation or the addition of other antisense oligonucleotides in this study, which indicates light and other antisense oligonucleotides do not interrupt RFP gene expression. For the cells cotransfected with only pEGFP-N1 and pDsRed2-N1 plasmids, fluorescence signals from both GFP and RFP were also consistent, and light irradiation had little effect on their gene expression ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). As expected, PS, a positive control antisense oligonucleotide, uniformly reduced gene expression of GFP, but not RFP, while PS-MS, a negative control antisense oligonucleotide, had no effect on both GFP and RFP gene expression. The control experiments confirm that knockdown of GFP is sequence specific and light alone does not cause the obvious decrease of GFP or RFP fluorescence signals. [Figure 5](#gks996-F5){ref-type="fig"} demonstrates the representative results of photomodulation of GFP expression with caged circular PS1. Caged circular PS1 had no effect on either GFP or RFP gene expression, while upon light irradiation, it was converted to linear uncaged PS1, which bound GFP mRNA and greatly lowered fluorescence signal of GFP, but not red fluorescence signal of RFP. Similar results were also observed when caged circular antisense oligonucleotides PS2 and PS3 were applied. The knockdown of GFP expression was achieved through non-enzyme involved antisense strategy which is similar to literature report ([@gks996-B48]) of morpholino oligomers caged with multiple photolabile moieties. Moreover, bright-field images with Hoechst nuclei staining and light irradiation of HeLa cells confirmed the viability of the cells over the course of the experiments ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1) and [S8](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). Figure 5.Photomodulation of GFP expression with caged circular phosphorothioated 2′-OMe RNA oligonucleotides (PS, PS-MS and PS1). For each channel, all imaging conditions are identical. Scale bars represent 200 μm.

To further quantify photomodulation of GFP expression with caged circular antisense oligonucleotides, the GFP and RFP fluorescence signals were applied for the calculation of photomodulation efficiency. Since RFP gene expression was not affected in the course of our experiments, we applied RFP fluorescence signal as a standard control ([Supplementary Figure S9](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). The ratio of GFP to RFP for each group of experiments was then normalized to that ratio in control cells with pEGFP-N1 and pDsRed2-N1 plasmids only and no light irradiation. [Figure 6](#gks996-F6){ref-type="fig"} shows the results of both groups of experiments in this study. PS strongly knocked down GFP expression with ∼7.5-fold lower fluorescence intensity regardless of light irradiation. Mismatched antisense oligonucleotide, PS-MS, had no effect on GFP expression and cells maintained similar level of GFP signals with GFP plasmids only (a change of GFP expression from 1.0 to 0.9). Similarly, GFP expression in HeLa cells was also maintained at high level of GFP fluorescence signal if caged circular PS1, PS2 or PS3 was cotransfected with GFP plasmid (a change of GFP expression from 1.0 to 0.8, 0.84 and 0.79). However, after 10-min irradiation of these cotransfected cells, GFP signals from these irradiated cells were 5.5 -, 4.2 - and 3.8-fold lower than GFP signals of pre-irradiation for PS1, PS2 and PS3, respectively. This observation shows that photomodulation of GFP gene expression with caged circular antisense oligonucleotides was successfully achieved. Their photomodulation efficiencies of GFP expression are generally a little bit lower than those of siRNA caged with multiple cyclo-dodecyl dimethoxy nitrophenyl ethyl (CD-DMNPE) moieties ([@gks996-B49]), but higher than those of caged DNAzymes ([@gks996-B50]). And irradiated PS1 could reach the same low level of GFP expression as PS, which indicated long linkage itself in the middle of PS1 did not have an effect on knockdown of GFP. For PS2 and PS3 cotransfected cells, the GFP signals were not reduced to the level as low as that of PS cotransfected cells. This is probably due to the bulge of extra 2 or 4 nt in the hybrids of GFP mRNA and uncaged PS2 or PS3, which lowers the strong binding ability between mRNA and asODN in cellular environment. To confirm this, we measured the thermodynamic melting temperatures (*T*~m~s) of different antisense oliognucleotides (PS1, PS2 and PS3) with a 44mer target sequence ([Supplementary Figure S10](http://nar.oxfordjournals.org/cgi/content/full/gks996/DC1)). Before light irradiation, no clear transition of absorbance was observed. Upon light activation, the *T*~m~s for PS1, PS2 and PS3 with the target sequence were 64.2, 61.2 and 60.2°C in comparison to 66.2°C for the duplex of PS and target sequence. These results are also consistent with *in vitro* MB experimental data. Figure 6.Quantified results of light-activated GFP knockdown with different phosphorothioated 2′-OMe RNA oligonucleotides. All antisense oligonucleotides were 55 nM. All samples were cotransfected with pEGFP-N1 and pDsRed2-N1 plasmids. RFP signal was used as an internal control. Each column represents the ratio of GFP to RFP for each condition after normalization to that ratio in the control cells with pEGFP-N1 and pDsRed2-N1 plasmids only and no light irradiation. Each result is the average of five different determinations. Error bar is indicated as standard derivation.

CONCLUSIONS
===========

A new series of caged circular asODNs were synthesized with two 10mer ODNs linked through a PL and an amide bond linker. These caged circular asODNs with PL and 0--4 nt gaps in the middle were not able to stably bind the target RNA. However, upon light irradiation, uncaged asODNs were quickly released and were available for the efficient binding to target RNA. With this successful asODN design, RNA digestion was also efficiently photomodulated *in vitro*. Further, three caged circular antisense oligonucleotides with 2′-OMe RNA and phosphorothioate modifications were synthesized and were capable of photoregulating GFP expression in cells. These *in vitro* and cell studies of caged circular oligonucleotides demonstrate promising applications to spatiotemporal photoregulation of gene expression.
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